STUDY QUESTION: Is oral dydrogesterone 30 mg daily (10 mg three times daily [TID]) non-inferior to micronized vaginal progesterone (MVP) 600 mg daily (200 mg TID) for luteal support in in vitro fertilization (IVF), assessed by the presence of fetal heartbeats determined by transvaginal ultrasound at 12 weeks of gestation?
Introduction
Luteal phase support, in conjunction with gonadotropin-releasing hormone analogs, is routinely performed during in vitro fertilization (IVF) procedures to overcome luteal phase progesterone deficiency induced by ovarian stimulation (Practice Committee of the American Society for Reproductive Medicine, 2008; Palomba et al., 2015) . Progesterone supplementation or human chorionic gonadotropin (hCG) are commonly administered, although hCG is associated with a higher risk of ovarian hyperstimulation syndrome than progesterone (van der Linden et al., 2015) . A systematic review demonstrated that the use of progestogens in IVF was associated with an improvement in the live birth rate (van der Linden et al., 2015) . Progesterone can be administered orally, vaginally, rectally, subcutaneously or intramuscularly, although the vaginal route is preferred in the majority of IVF centers globally (Vaisbuch et al., 2012) . Indeed, oral administration of progesterone is associated with low bioavailability (due to a substantial firstpass metabolism) and side effects, such as somnolence (Shapiro et al., 2014) , while daily intramuscular administration can lead to pain at the injection site, and local abscess (Ghanem and Al-Boghdady, 2012) . In contrast, vaginal administration of progesterone can be associated with vaginal irritation, discharge and bleeding (Ghanem and Al-Boghdady, 2012) . Therefore, there is an ongoing need for an effective, well tolerated and safe treatment that could also help improve patient satisfaction, convenience and compliance.
Dydrogesterone is an established oral retroprogesterone approved for the treatment of threatened and recurrent miscarriage (associated with proven progesterone deficiency), and infertility due to luteal phase insufficiency. It has been extensively used for a variety of indications worldwide in an estimated 113 million women since 1960 (based on sales data), with approximately 20 million fetuses being exposed to dydrogesterone in utero. Compared with progesterone, dydrogesterone has a greater affinity for the progesterone receptors and can be used at lower oral doses to promote endometrial proliferation, owing to its better bioavailability and to the progestogenic activity of its metabolites (Schindler et al., 2008) . Dydrogesterone also appears to have no affinity for androgenic, estrogenic, glucocorticoid or mineralocorticoid receptors (Schindler, 2009) , demonstrating a favorable safety and tolerability profile in pregnancy, both to the mother and child (Queisser-Luft, 2009; Mirza et al., 2016) . Furthermore, data from prospective trials for luteal phase support in IVF show that oral dydrogesterone is as effective as micronized vaginal progesterone (MVP), is well tolerated overall, and has a higher patient satisfaction rate than MVP (Chakravarty et al., 2005; Patki and Pawar, 2007; Ganesh et al., 2011; Salehpour et al., 2013; Tomic et al., 2015; van der Linden et al., 2015; Saharkhiz et al., 2016) .
The aim of the Lotus I study was to substantiate the empirical use of dydrogesterone for luteal support in IVF in a Phase III randomized controlled trial (RCT), and to demonstrate non-inferiority to the current standard of care (i.e. MVP).
Materials and Methods

Study design
Lotus I was a double-blind, double-dummy, two-arm, multicenter Phase III RCT conducted at 38 sites in Austria, Belgium, Germany, Finland, Israel, Russia and Spain, from 23 August 2013 to 26 March 2016, and was performed in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. Abbott Laboratories GmbH (or an authorized representative) or the Investigator (according to national provisions) obtained written approval for the clinical study protocol (including all substantial protocol amendments), the written subject informed consent form, informed consent updates, subject-recruitment procedures and any other written information provided to subjects by an Institutional Review Board (IRB)/Independent Ethics Committee (IEC) that complied with the local regulatory requirements. This information was reviewed and approved by a qualified IRB/IEC prior to subject enrollment. The study was registered at clinicaltrials.gov with the identifier NCT01850030.
Subjects with infertility who were planning to undergo IVF with or without intracytoplasmic sperm injection (ICSI) were screened for possible study inclusion and enrolled prior to oocyte retrieval (recruitment period was 23 August 2013 to 04 June 2015; the last subject was randomized on 15 June 2015). Subjects were then randomized to receive either oral dydrogesterone 10 mg tablets (Abbott B.V., The Netherlands) with placebo intravaginal capsules (Abbott B.V.) three times daily (TID) (Group 1), or MVP 200 mg capsules (Utrogestan ® , Besins Healthcare, Belgium) with oral placebo tablets (Catalent, Germany) TID (Group 2). All of the active and placebo capsules/tablets were identical in appearance, shape, smell and taste, and packaged in the proper proportion to ensure desired dosages and maintenance of the blind. Luteal support was started on the day of oocyte retrieval (Day 1) and continued until 12 weeks of gestation (Week 10) if a positive pregnancy test was obtained 2 weeks after embryo transfer and no miscarriage occurred. The duration of treatment was determined in accordance with the prescribing information of the MVP 200 mg capsules. Follow-up period was 30 days after birth, except for Russia where the follow-up period was 6 months due to regulatory requirements.
A centralized electronic system (Interactive Response Technology; IRT) was used to assign subjects to treatment groups. Subjects were randomized to treatment in a 1:1 ratio in blocks of 4 subject numbers per block stratified by country and age (i.e. ≤35 or >35 years). The electronic system assigned a 5-digit randomization number to each subject according to a randomization scheme, which was provided by Clinical Supply Management (Product Development) of Abbott Healthcare Products B.V. To maintain the blind, the investigator received a treatment allocation number for each subject from the IRT system. The subject received their study-drug package from the study site or the institutional pharmacy. Study investigators, the sponsor's study team and subjects remained blinded during the duration of the study.
Study participants
The study enrolled premenopausal women (>18 to <42 years of age; body mass index [BMI] ≥18 to ≤30 kg/m 2 ) with a documented history of infertility (defined as being unable to conceive for ≥1 year [or 6 months for women ≥38 years of age], or as having bilateral tubal occlusion or absence) who were planning to undergo IVF with a fresh embryo (single or dual embryo transfer). Enrolled women had an early follicular phase (Day 2-4), a follicle-stimulating hormone level of ≤15 IU/L, and levels demonstrating early follicular phase of estradiol (<80 pg/mL), luteinizing hormone, prolactin, testosterone and thyroid-stimulating hormone. Furthermore, a normal transvaginal ultrasound at screening and a negative pregnancy test on the day of pituitary down-regulation were also required. Subjects with >3 unsuccessful IVF attempts or history of ≥3 miscarriages were excluded. Other key exclusion criteria included: evidence of cardiovascular, respiratory, urogenital, gastrointestinal/hepatic, hematologic/ immunologic, head, ear, eye, nose, throat, dermatologic/connective tissue, musculoskeletal, metabolic/nutritional, endocrine, neurologic/psychiatric disorders or other relevant diseases; allergy; recent major surgery (within 3 months); current or recent substance abuse, including that of alcohol and tobacco; history of chemotherapy or radiotherapy. Intake of other progesterone products was not permitted during the study.
Study objectives
The primary objective of the study was to demonstrate non-inferiority of oral dydrogesterone 10 mg tablets TID versus MVP 200 mg capsules TID. Lockwood et al., 2014) . This was pre-specified in the study protocol and agreed with the Regulatory Authority.
Secondary objectives included: positive pregnancy test at treatment day 15 after embryo transfer and the incidence of live births. Newborn assessments included the following variables: gender, appearance, pulse, grimace, activity, respiration (APGAR) score, weight, height, head circumference, abnormal findings of physical examination and any malformations.
The study also obtained safety and tolerability data by means of documentation of treatment-emergent adverse events (TEAEs), including serious TEAEs, as well as routine laboratory findings, vital signs and physical examinations.
Study procedures
During subject screening and enrollment, informed consent, demographic data and a medical history were collected. Vital signs, physical examination and blood analysis for routine laboratory values were measured during the subject-screening period and at the end of treatment. On the day of oocyte retrieval (Day 1), subjects were randomly allocated to treatment following their stratification to country and age group, and luteal support was started. Embryo transfer was performed between Days 2-5 after oocyte retrieval according to local clinical practice. On Day 15 ± 3 (2 weeks after embryo transfer), a pregnancy test (serum β-hCG and urine strip test) was performed to determine whether treatment should be continued in cases of ongoing pregnancy until Day 71 ± 3 (12 weeks of gestation), at which point a transvaginal ultrasound was used to establish the presence of fetal heartbeats.
TEAEs, including miscarriage and pre-term delivery, and the use of concomitant medications were recorded throughout the study. Time of delivery and newborn parameters were obtained at delivery. Post-treatment, two visits/phone calls were made approximately 2 months apart, during which the mother's and newborn's safety and wellbeing were recorded. A study termination form was completed for all subjects who entered the study.
Sample size
An evaluation of clinical studies using oral dydrogesterone, micronized progesterone capsules or gel for treatment in IVF predicted a~35% pregnancy rate at 12 weeks of gestation (Ludwig et al., 2002; Kleinstein, 2005; Ganesh et al., 2011) . With a non-inferiority margin of 10%, it was estimated that a sample size of 479 subjects per treatment arm would provide 90% power to demonstrate non-inferiority, should there be no difference in pregnancy rate at 12 weeks of gestation between the two treatment groups. With the addition of a dropout rate of 10%, a total sample size of 533 subjects per group would be required, or a total sample size of 1066 study subjects.
Statistical analyses
The safety population included all subjects who were randomly allocated to treatment and received at least one administration of study drug(s). The full analysis sample (FAS) consisted of all subjects who were included in the safety population and had a successful embryo transfer or did not discontinue due to non-study-drug-related issues prior to embryo transfer. The per protocol sample (PPS) consisted of all subjects who were included in the FAS, did not have any major protocol deviations unrelated to treatment, and had a single or dual embryo transfer. Only seven subjects were omitted from the FAS for the PPS.
Disposition of subjects, demographics, concomitant medication and safety data were summarized by treatment groups. The primary efficacy analysis used a two-sided 95% confidence interval (CI) with a noninferiority margin of 10% for the difference in pregnancy rates between dydrogesterone and MVP, whereby dydrogesterone was declared noninferior if the lower bound of the 95% CI excluded a difference greater than 10%. A Cochran-Mantel-Haenszel statistical test stratified for country and age group was used for this analysis.
Results
Study population
A total of 1143 subjects were screened and 1031 randomized to treatment (Fig. 1) . In total, 520 and 511 subjects were randomized in the dydrogesterone and MVP groups, with 497 and 477 included in the FAS analysis, and 492 and 475 in the PPS analysis, respectively. Overall, 30.5% (315/1031) of subjects completed the study. The primary reason for study discontinuation was a non-confirmed pregnancy at 4 weeks of gestation (48.2% [497/1031]).
The demographics and baseline characteristics of each group are summarized in Table I and were similar between the two treatment groups. The majority (71.9%) of subjects in the FAS were ≤35 years of age, had a BMI of less than 24 kg/m 2 (63.8%) and were Caucasian (96.3%).
Efficacy
The pregnancy status post-treatment is shown in Fig. 2 . The primary objective of this study was met, with dydrogesterone demonstrating non-inferiority to MVP at 12 weeks of gestation. Results were similar between the FAS and PPS for all measures of efficacy. In the PPS, the crude pregnancy rates at 12 weeks were 37.6% and 33.1% in the dydrogesterone and MVP treatment groups, respectively (difference 4.7%; 95% CI: −1.2-10.6%). Thus, non-inferiority of oral dydrogesterone versus MVP was demonstrated as the lower-bound CI was greater Subject failed to return to the study site for scheduled visits and did not respond to telephone or written attempts to contact. c Anything which was in direct violation of the Clinical Study Protocol (e.g. inclusion/exclusion violation).
d Subject failed to respond to the study drug at an acceptable level where the subject or the Investigator felt it was in the best interests of the subject to seek another treatment.
e Subject decided to stop her participation in the study for any reason other than an adverse event, or was unable to complete the study as described in the Clinical Study Protocol (e.g. subject was relocating to another location). DYD, dydrogesterone; FAS, full analysis sample; MVP, micronized vaginal progesterone; PPS, per protocol sample. than −10%. From these results, the number of subjects needed to treat (NNT) with oral dydrogesterone to obtain a benefit versus MVP would be 22 (95% CI for absolute risk reduction of NNT [benefit] 9.4 to NNT [harm] 83). The primary analysis was adjusted for country and age (as pre-specified in the protocol). For these pre-specified factors, subgroup analyses were conducted and there was no relevant difference of effects observed between the different levels of the factor (no interaction between the factors country or age group and treatment). In the FAS, live birth rates of 34.6% (172 mothers with 213 newborns) and 29.9% (142 mothers with 158 newborns) were observed for the dydrogesterone and MVP groups, respectively (difference 4.9%; 95% CI: −0.8-10.7%) (Fig. 2) . Thus, the NNT with oral dydrogesterone to obtain a benefit versus MVP would be 21 (95% CI for absolute risk reduction of NNT [benefit] 9.3 to NNT [harm] 125).
Course and outcomes of treatment and pregnancy are summarized in Table II . The number of embryos transferred was similar between the two treatment groups. Pregnancy loss after 8 weeks of gestation, which included spontaneous abortions, induced abortion due to illness of the fetus and loss to follow-up (with last information available that the patient was pregnant but no information on births reported), was similar between groups, with rates of 5.0% and 5.6% being observed in the dydrogesterone and MVP groups, respectively.
Safety and tolerability
Maternal and fetal/neonatal TEAEs are summarized in Table III . Overall, dydrogesterone was well tolerated as indicated by the reported TEAEs being in line with its known safety and tolerability profile and as expected in this patient population. TEAEs leading to study termination were reported by 12.4% of subjects in the dydrogesterone group and 16.0% of subjects in the MVP group. The majority of TEAEs leading to study termination or discontinuation of study drug were reported by no more than one subject in either treatment group.
The proportion of subjects reporting TEAEs was similar between treatment groups, with 56.0% of those receiving dydrogesterone and 54.0% receiving MVP. Of these, 13.1% and 12.9%, respectively, reported TEAEs that were related to treatment (as assessed by the investigator). The incidence of common TEAEs (reported by at least 5% of subjects in either treatment group) was similar between groups. The most common TEAE for both treatment groups was vaginal bleeding that codes to vaginal hemorrhage (11.6% in the dydrogesterone group and 9.2% in the MVP group).
The proportion of subjects experiencing serious TEAEs was similar between the dydrogesterone (10.8%) and MVP groups (13.3%). The following severe TEAEs were reported by ≥1% of subjects in either treatment group: spontaneous abortion (1.5% in the dydrogesterone group and 2.0% in the MVP group), missed abortion (1.4% and 1.4%, respectively) and ovarian hyperstimulation syndrome (0.6% and 1.0%, respectively). The only TEAEs of special interest reported by at least 2% of subjects in either treatment group were spontaneous abortion (2.3% in the dydrogesterone group and 4.1% in the MVP group) and missed abortion (2.5% and 2.0%, respectively). The incidence of congenital, familial and genetic disorders in the fetus or infant was limited, with five subjects (1.0%) in the dydrogesterone group and six subjects (1.2%) in the MVP group (Table III) . There was no notable difference in the incidence of TEAEs of special interest between the two treatment groups. Nor was there a difference in the incidence of the most common TEAEs between the BMI subgroups <24 kg/m 2 and ≥24 to <28 kg/m 2 , or between the subgroups containing subjects with one or two embryos transferred.
There were too few subjects with a BMI of ≥28 kg/m 2 , or with zero and more than two embryos transferred to draw any meaningful comparisons from these subgroup analyses. Infant safety data collected at delivery were similar between the two treatment groups, with the majority of infants being born with no abnormal findings at physical examination (93.4% in the dydrogesterone group and 92.4% in the MVP group). The gender, APGAR score, height, weight, head circumference and findings of physical examination of newborns are summarized in Table IV . The incidence of infants experiencing at least one serious adverse event was also similar between groups, with 4.2% in the dydrogesterone group and 5.7% in the MVP group. The most common TEAE in infants was prematurity, with seven cases in the dydrogesterone group and nine in the MVP group. Percentages calculated according to the number of subjects who had at least one newborn in the respective oral DYD and MVP groups. DYD, dydrogesterone; ICSI, intracytoplasmic sperm injection; MVP, micronized vaginal progesterone.
Discussion
The Lotus I study demonstrated that oral dydrogesterone was noninferior to MVP for the primary objective, which was the presence of fetal heartbeats at 12 weeks of gestation. The results for the secondary objectives supported the primary efficacy results, with similar findings observed for pregnancy rates (2 weeks after embryo transfer and at 8 weeks of gestation) and live birth rates in both treatment groups. Dydrogesterone treatment had a similar safety profile to MVP for luteal support as part of an Assisted Reproductive TEAEs of special interest relating to congenital, familial and genetic disorders, n (%) Percentages are calculated based on the infant population (i.e. N = 212 for the oral DYD group and N = 159 for the MVP group). c Percentages are calculated based on the Safety Sample. Detection and reporting of the congenital, familial, and genetic disorders occurred during with the pre-or post-natal period; some fetuses/neonates had more than one disorder. AE, adverse event; DYD, dydrogesterone; MVP, micronized vaginal progesterone; TEAE, treatment-emergent adverse event.
safety profile, and no new safety concerns were identified in this study.
The results obtained in this study provide robust evidence supporting the benefits of using dydrogesterone for luteal support as part of ART treatment, supporting findings previously reported in smaller published studies (Kupferminc et al., 1990; Chakravarty et al., 2005; Patki and Pawar, 2007; Ganesh et al., 2011; Salehpour et al., 2013; Tomic et al., 2015; van der Linden et al., 2015; Barbosa et al., 2015; Saharkhiz et al., 2016) . Of note, in previous studies conducted in luteal phase support for IVF, the daily dose of dydrogesterone ranged from 20 to 30 mg; however, 10 mg twice daily was shown to have reduced endometrial development compared with 200 mg MVP TID (Fatemi et al., 2007) . The dose of 10 mg dydrogesterone TID used herein was chosen based on recommendations by IVF specialists and previous studies.
The Lotus I study had some limitations. The analysis of the results was powered to consider the clinical pregnancy rate, but a primary objective of greater clinical interest may have been the live birth rate. Differences in live birth rate were observed between the oral dydrogesterone and MVP groups; however, conclusions relating to the significance of this result cannot be made. The findings of the present study are strengthened by the selection of an appropriate sample size of 1031 randomized subjects, the fact that both treatment arms were well balanced, and the use of broad eligibility criteria.
The results presented add to the body of evidence and are supported by the 2015 Cochrane systematic review of 94 randomized trials comparing different luteal phase support regimens, which concluded that synthetic progesterone (i.e. dydrogesterone) was associated with a higher clinical pregnancy rate than micronized progesterone (vaginal and oral) (van der Linden et al., 2015) . More recently, a meta-analysis and systematic review of eight randomized clinical trials comparing dydrogesterone with MVP found no significant differences between treatments for ongoing pregnancy, clinical pregnancy or miscarriage rate (Barbosa et al., 2015) .
Lotus I was a robust study which provides appropriate evidence that dydrogesterone is as effective as the current standard of care in women undergoing IVF. Taking into account the safety data collected in this study, dydrogesterone displayed a favorable benefit/risk profile. The results of this study, in addition to those of previous studies indicating that oral administration is preferred over intravaginal application, have the potential to induce a paradigm shift for the treatment of the estimated 1.5 million women worldwide undergoing IVF each year (Dyer et al., 2016; Chambers et al., 2012) who could benefit from this oral form of luteal phase support.
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